In China, the general depletion of iron-rich mineral reserves has led to many efforts to exploit low-grade and refractory ironcontaining resources for ironmaking (Liu et al., 2014) . The efficient utilization of the highphosphorus oolitic haematite resources in central China has received considerable attention. The available resources of this material total approximately 3.0 billion tons. The oolitic units in the ore exhibit an onionlike structure with phosphorus-containing gangue layers of 2-10 µm thickness. The best concentrate produced from these resources contains approximately 50% iron (Fe) and 0.8-1.2% phosphorus (P) (by mass) (Ai, Yu, and Wei, 2009; Song et al., 2013; Wu, Wen, and Cen, 2011) . Further removal of phosphorus from these ores using conventional beneficiation methods is not possible.
Various processes have been developed for processing oolitic high-phosphorus haematite resources and similar minerals around the world. These processes can be categorized as biological (Delvasto et al., 2008; Obot and Anyakwo, 2013) , hydrometallurgical (Cheng et al., 1999; Fisher-White, Lovel, and Sparrow, 2012; Ionkov et al., 2013; Jin et al., 2006; Yu, Guo, and Tang, 2013) , and pyrometallurgical routes (Bai et al., 2012; Sun et al., 2013; Yu et al., 2013b; Zhu et al., 2013) . The pyrometallurgical routes are useful for industrial practice with respect to processing costs, scale, and duration. Most pyrometallurgical routes are conducted using coal-based direct reduction followed by magnetic separation. However, because the phosphorus-containing gangue layers in the oolitic units are extremely thin and closely associated with the haematite layers, the reduced ore-carbon composites must be ground to a particle size of less than 10 µm to attain a sufficient degree of phosphorus removal (Li et al., 2011; Elias and Mitsutaka, 2011; Yin et al., 2012) , thereby making these processes energy-intensive.
In addition to blast furnace ironmaking, many new high-efficiency and highproductivity ironmaking processes have recently been developed (Manning and Fruehan, 2001 ). The FASTMELT ® process, which was developed by Kobo Steel Ltd. (Japan) and Midrex Technologies Inc. (USA), has been successfully commercialized. It is a solid-state carbon-based reduction technology and is applicable for processing iron ore as well as iron-oxide-containing materials (Mcclelland and Metius, 2003) . Moreover, it has been applied for processing complex iron minerals such as vanadium titanomagnetite (Chen and Chu, 2014) . The FASTMELT ® process comprises two stages: direct reduction in a rotary hearth furnace (RHF) followed by Iron recovery and phosphorus removal from oolitic high-phosphorus haematite using the FASTMELT ® process: a comparative study of two reductants by H. Tang, X. Fu, Y. Qin, and T. Qi
The FASTMELT process was developed as an alternative to blast furnace ironmaking; in this process, high-quality molten iron is produced using direct reduction followed by high-temperature slag/metal separation. In this study, iron recovery and phosphorus removal from oolitic highphosphorus haematite using the FASTMELT process was investigated. The performance of two reducing agents, coal and wood char, was compared. Direct reduction experiments indicated that with optimized reductant addition, the ore-char and ore-coal briquettes attained metallization values of 82% and 78%, respectively, and residual carbon contents of 0.24 and 2.35%, respectively. The slag/metal separation experiments revealed that molten iron containing 0.41% phosphorus and 0.021% silicon (by mass) was produced from optimally reduced ore-char briquettes, and molten iron containing 0.78% phosphorus and 0.91% silicon from optimally reduced ore-coal briquettes. The study indicates that carbonaceous materials with high CO 2 reactivity are suitable for use in the FASTMELT process for phosphorus removal and iron recovery from oolitic high-phosphorus haematite.
Iron recovery and phosphorus removal from oolitic high-phosphorus haematite melting-separation in an electric ironmaking furnace. Highly metallized and direct reduced iron (DRI) is fed at high temperature directly into a proprietary melter to produce molten iron. By controlling the chemistry of the reduced orecarbon composite material, FASTMELT ® can be tailored to precisely match the desired molten iron chemistry for steelmaking in a basic oxygen furnace (BOF) or electric arc furnace (EAF) (Lu and Wang, 2003) . In our previous studies, a method was developed to obtain a low-phosphorus metal by the melting separation of highly gas-reduced highphosphorus ore fines (Tang et al., 2014a (Tang et al., , 2014b As the reduction conditions of the FASTMELT ® process can be adjusted to obtain DRI of a desired quality, this process can be applied for treating oolitic high-phosphorus haematite if the residual carbon in the DRI can be controlled to a low level. The envisaged technical route is illustrated in Figure 1 .
In this study, two common carbonaceous materials, coal and wood char, were employed as reductants. Experiments were conducted using the FASTMELT ® process for phosphorus removal and iron recovery from oolitic highphosphorus haematite, and the results obtained for both reductants were compared.
An oolitic high-phosphorus haematite sample was supplied by Wuhan Iron and Steel Company (China). Table I lists its chemical composition, and an X-ray diffraction (XRD) pattern of the sample is shown in Figure 2 . The major minerals in the sample were haematite, quartz, dolomite, clinochlore, and apatite. Figure 3 shows the analysis of the ore by scanning electron microscopy-energy-dispersive X-ray spectrometry (SEM-EDS) analysis. The apatite layers (Point 1 in Figure 3b ) and haematite layers (Point 2 in Figure 3b ) are alternately developed within the ore particles and are closely associated. The chemical compositions of the wood char and coal reductants are listed in Tables II and III, respectively. All the received samples were crushed and ground to 100% passing 80 µm.
Some coal and wood char fines were carbonized at 1000°C for 3 hours to completely remove the volatiles and moisture, and thermal gravimetric analysis (TGA) was conducted to examine their CO 2 reactivity. A PT-1600 thermal analyzer (LINSEIS, Germany) was employed in these tests. In each run, approximately 20 mg of the devolatilized coal or char sample was used. Each run lasted for 1 hour at 1000°C in a CO-CO 2 atmosphere at a gas flow rate of 50 m /min. In the CO-CO 2 atmosphere, P CO /P CO 2 is 1.0, where P CO and P CO 2 are respectively the partial pressures of CO and CO 2 . The mass loss of the sample was converted to carbon conversion using the relationship m t / m c , where m t is the mass loss at time t and m c is the total fixed carbon mass in the measured sample, which was calculated on the basis of the data in Tables II and III. The ore fines were thoroughly mixed with char or coal fines at different carbon mixing ratios (C/O) with the addition of 10% distilled water, 2% organic binder, and 15% CaO powder. C/O is defined as N C / N O , where N C represents the number of moles of fixed carbon in the coal/char fines and N O is the number of moles of removable oxygen in the ore fines. The organic binder was waste paper pulp, the main component of which is cellulose. The briquettes (6 g, diameter 20 mm, height 10 mm) were formed by pressing the moistened fines under a pressure of 30 MPa using a die. The briquettes were then air-dried for 20 hours, followed by drying in an electric oven at 200°C for 2 hours.
Direct reduction tests were performed in a horizontal alumina tube 850 mm in length and 40 mm in diameter L 388 VOLUME 117 Table I installed inside an electric furnace. The temperature was maintained constant in the reaction zone within ±2°C for a length of 80 mm. The reaction tube was heated from room temperature under a highly pure nitrogen stream. When the temperature of the reaction zone reached the desired value, it was held stable for 30 minutes. In each run, the reaction tube was opened to load two briquettes into the reaction zone and then closed. The reduction began isothermally after nitrogen was replaced with the CO-CO 2 mixture (P CO /P CO 2 = 1.0; flow rate = 200 m /min). When the predetermined time was reached, the briquettes were removed from the reaction zone and quenched using a nitrogen stream. After reduction, the reduced briquettes were subjected to metallization and residual carbon (C R ) measurements. Some selected samples were subjected to SEM, EDS, and XRD examination. The SEM and EDS analyses were performed using a Quanta-250 scanning electron microscope (FEI Co., USA). The XRD analysis was performed using an M21X X-ray diffractometer (MAC Science, Japan), and the carbon content analysis was conducted using a CS-2800 infrared carbon sulphur analyser (NCS Co., China). A titrimetric method (iron chloride method) was adopted for measurement of the total iron content (T Fe ) and metallic iron content (M Fe ). The metallization (M) was calculated using the equation M Fe / T Fe x 100%.
The melting-separation methods described by Tang et al. (2014b) were applied. All the runs were conducted at 1550°C and a quench method was adopted. A Si-Mo hightemperature furnace was heated to 1550°C and highly pure argon at a flow rate of 200 mL/min was then introduced into the furnace chamber. In each run, four metallic briquettes were placed in an Al 2 O 3 crucible (height 60 mm; diameter Iron recovery and phosphorus removal from oolitic high-phosphorus haematite 389 VOLUME 117 L Table II   Table III Iron recovery and phosphorus removal from oolitic high-phosphorus haematite 30 mm), which was protected by a graphite crucible. The sample was then quickly inserted into the chamber and the slag/metal separation test was initiated. The melting time was calculated from when the furnace temperature stabilized at 1550°C. The sample was quenched after a melting time of 10 minutes was reached. Some obtained metal samples were subjected to SEM-EDS examination for metal cleanness. All the obtained metal samples were weighed and the phosphorus and silicon contents determined by inductively coupled plasma-atomic emission spectrometry (ICP-AES) using an OPTIMA 7000DV instrument (PE Co., USA). The chemical compositions of the obtained slag samples were examined by energy-dispersive X-ray fluorescence spectrometry (XRF) using an XRF 1800 spectrometer (Shimadzu Co., Japan) with a Rh target X-ray tube, which was operated at 50 kV and 40 mA. Before XRF analysis, the samples were ground to a particle size <10 µm and pressed into briquettes. The XRF data were analysed using an internal fundamental parameter-based quantification method and the analysis was performed by the service provider. The error of the XRF method was within 0.5%. The iron recovery rate ( ) was calculated using the equation m metal / m iron x 100%, where m metal is the mass of the obtained metal and m iron the mass of iron in the metallic briquette.
The CO 2 gasification reaction of a carbonaceous reductant is described by Equation [1] C+CO 2 = 2CO.
[1]
To simulate the coal/char gasification behaviour during the direct reduction of the briquette, a temperature of 1000°C and an atmosphere of P CO /P CO 2 = 1 were adopted. The TGA results are presented in Figure 4 . The CO 2 reactivity of the wood char was found to be significantly superior to that of the coal. The wood char fines were completely gasified within 10 minutes at 1000°C, but the coal fines only reached a gasification efficiency of approximately 0.4 after 1 hour.
To obtain metallized briquettes with low residual carbon and high metallization, the reduction conditions for each briquette needed to be optimized. Based on the RHF conventional operation conditions and the target of the present research, an atmosphere of P CO /P CO 2 = 1 was adopted, C/O was set to be not greater than 1.0, and the temperature range was from 1000°C to 1200°C. Under these conditions, the reduction behaviours of the ore-char and ore-coal briquettes were investigated and their respective reduction conditions were optimized.
The results of the reduction experiments for the ore-char briquette are shown in Figure 5 . The briquette exhibited a maximum metallization at 10-15 minutes in the course of reduction for all cases. Figure 5a shows the effect of temperature on the briquette reduction. The maximum metallization of the briquette was low (75%) at 1000°C and reached 84% at 1100°C; however, no substantial improvement was observed at 1200°C. Figure 5b shows the effect of C/O on the briquette reduction. The maximum metallization of the briquette was 79% for a C/O of 0.7 and increased to 84% for a C/O of 0.8; however, little improvement was observed upon further increasing the C/O to 0.9. These findings indicate that a C/O of 0.8 and temperature of 1100°C are sufficient to achieve a high metallization for the ore-char briquette.
The results of the reduction experiments for the ore-coal briquette are shown in Figure 6 . Figure 6a shows that the reduction rate increases with increasing temperature. At 1200°C, a maximum metallization of 82% was attained for the ore-coal briquette at 15 minutes. The metallization increased with increasing time, with final metallization values of 80% and 60% at 1100°C and 1000°C respectively. Figure 6b shows that the reduction rate was enhanced by increasing the C/O value. These findings indicate that for the ore-coal briquette, increases in both temperature and C/O have a positive effect on the briquette reduction. However, a comparison of Figures 6a and 6b indicates that the effect of temperature is more significant than that of C/O. With the aim of controlling the residual carbon to a low level, the preferred temperature, and C/O are considered to be 1200°C and 0.9, respectively.
To minimize the residual carbon content in the reduced briquette, the variation in the residual carbon content with time was examined for each briquette under the identified optimized temperature and C/O conditions. The results are shown in Figure 7 . The corresponding metallization variation of each briquette is also plotted. After reducing the ore-char and ore-coal briquettes for 20 minutes, the residual carbon contents decreased to 0.24% (Figure 7a ) and 2.35% (Figure   7b ), respectively. In both cases, no significant decrease of the residual carbon content was achieved by further increasing the reduction time. Therefore, the optimal reduction time was 20 minutes for both types of briquette.
The above analysis indicates that by optimizing the temperature, C/O, and reduction time, briquettes with a metallization of 82% and residual carbon content of 0.24% can be obtained using ore-char briquettes, and a metallization of 78% and residual carbon content of 2.35% using ore-coal briquettes.
The optimum reduction conditions for the briquette are closely associated with the properties of the reductant employed. In the briquette reduction, in addition to Reaction [1], Reactions [2-4] are involved in the process:
The fast reduction of the briquette in the initial stage was attributed to the release of CO-rich and H 2 -rich volatiles from the reducing agent and Reaction [2] . A reductant with a higher volatile content was advantageous in this stage; therefore, the ore-char briquette exhibited a higher initial reduction rate than the ore-coal briquette under similar Iron recovery and phosphorus removal from oolitic high-phosphorus haematite VOLUME 117 391 L Iron recovery and phosphorus removal from oolitic high-phosphorus haematite reduction conditions. With the reduction developing, Reactions [1] and [3] dominated the reduction process. Compared with the briquette containing a reductant with low CO 2 reactivity, the briquette containing a reductant with high CO 2 reactivity exhibited high internal CO pressure, which could be approximately 1.0 atmospheres; thus, the high reduction rate of Reaction [3] could be obtained under a given temperature and given C/O. Therefore, compared with the ore-coal briquette, the ore-char briquette could reach a high metallization above 80% under a low temperature and low C/O. After the briquette reached its maximum metallization, the reduction of the ore fines ceased (the rate of Reaction [3] was zero), and atmospheric CO 2 started to invade the briquette, Reaction [1] continued and Reaction [4] occurred. Figures 4 and 5 show that under the employed atmosphere, re-oxidation was not severe at this stage. Further decrease of the residual carbon content of the briquette still depended on the CO 2 reactivity of the reductant. As the wood char exhibited a much higher CO 2 reactivity than the coal, the decrease of the residual carbon content was obvious in the ore-char briquette (Figure 7a ) but negligible in the ore-coal briquette (Figure 7b ).
XRD patterns of the optimally reduced ore-char and ore-coal briquettes are presented in Figure 8 . Figure 8a shows that the major phases in the reduced ore-char briquette were metallic iron, wustite, quartz, and apatite. Figure 8b shows that the major phases in the reduced ore-coal briquette were metallic iron, wustite, and apatite.
The microstructures of the optimally reduced ore-char and ore-coal briquettes are presented in Figure 9 and Figure 10 , respectively. Comparison of Figure 9a and Figure 10a with Figure 3(a) indicates that the oolitic units were completely destroyed after the reduction of both briquettes. Comparison of Figure 8a with Figure 9a indicates that the ore-char briquette became more porous after reduction than the orecoal briquette; furthermore, the coalescence of iron particles in the reduced ore-char briquette was less developed. These phenomena were attributed to the reduction temperature. The metallized ore-coal briquette was obtained at 1200°C and the metallized ore-char briquette at 1100°C. At 1200°C, many complex oxides were formed by gangue components combining with unreduced iron oxide (wustite). Some of these complex oxides or their mixtures (e.g., 2FeO SiO 2 , 2FeO SiO 2 -SiO 2 , and 2FeO SiO 2 -FeO) have low melting points and thus formed glassy phases, prompting sintering but also enhancing the coalescence of the iron particles. The EDS results of point 2 in Figure 9b and point 2 in Figure 10b indicate that in both briquettes, calcium phosphate was present in the gangue phase but not in the metallic iron phase. The apatite layers were also observed to be broken into very small particles (less than 10 m) after reduction.
In the presence of carbon and SiO 2 , Reactions [5-6] (Ye and Hu, 2002) are involved in the phosphate phase transition.
Ca 3 (PO 4 )2+3SiO 2 +5C=3CaSiO 3 +5CO(g)+P 2 (g)
[5] Figure 8b and Figure 10b , it could be concluded that the phosphorus transfer had not occurred to any great extent in the course of reduction of the ore-coal briquette because Reaction [5] was kinetically hindered by the glassy phases.
The melting-separation results for the optimally reduced orechar briquettes (sample A) and ore-coal briquettes (sample B) are listed in Table IV . The chemical compositions of the obtained slag samples are listed in Table V . Table IV reveals that the iron recoveries from samples A and B were on the same level of approximately 80%. For sample A, the obtained metal contained low Si (0.021%) and low C (0.020%). For sample B, although residual carbon content was high at 2.35%, the obtained metal had a low C (0.017%) but high Si (0.91%) content. In the meltingseparation process, gangue particles, metallic iron particles, and residual coal/char particles were in intimate contact in the briquette. Therefore, most of residual coal/char particles inevitably reacted with FeO and SiO 2 through Reactions [7] and [8] and the remaining carbon particles were dissolved in the molten iron.
SiO 2 (1)+2C+2Fe (1)=2SiFe(1)+2CO
[8]
Compared with sample A, the occurrences of Reactions [7] and [8] in Sample B were apparent as Sample B had a high residual carbon content.
The phosphorus contents of the metals obtained from samples A and B (Table IV) were quite different, at 0.41% and 0.78% respectively.
Because all the obtained metals exhibited very low carbon contents, the phosphorus behaviour in the meltingseparation process could be predicted using the ion and molecular coexistence theory (IMCT) (Yang et al., 2011) assuming that the melting system was in or close to thermodynamic equilibrium. For applying IMCT, the slag system was considered to be CaO-FeO-Al 2 O 3 -P 2 O 5 -SiO 2 according to Table V, and the structural units and thermodynamic data were determined according to the method of Yang et al., (2011) . The phosphorus partition ratio was then calculated using Equation [9] . The activity of phosphorus in molten iron was simply considered to be equal to its mass concentration in the present calculations.
[9]
where (%P 2 O 5 ) is the mass percentage of P 2 O 5 in the slag, [%P] is the mass percentage of phosphorus in the metal, K i is the chemical equilibrium constant, n is the number of moles of total units, and N i is the mass action concentration represented by the mole fraction.
For sample A, the calculated L P was 26 and the measured L P was 18, which indicates that the model prediction result is in relatively good agreement with the experimental result. For sample B, the model-predicted L P was 22 and the measured L P was 4, which indicates there is a large deviation between the model prediction and experimental result.
In fact, Reaction [10] occurred in the melting-separation process of sample B because [%Si] in the obtained metal was high.
[Si]+2(FeO)=2Fe+(SiO 2 )
[10]
where the round brackets indicate a species in the slag and square brackets indicate a species in the metal phase.
Iron recovery and phosphorus removal from oolitic high-phosphorus haematite VOLUME 117
393
L Iron recovery and phosphorus removal from oolitic high-phosphorus haematite
The occurrence of Reaction [10] indicates that the melting system of sample B may not be under equilibrium using the melting method employed in the present research. Molten iron with a P content less than 0.45% and Si content less than 0.15% can be easily processed currently in BOF or EAF steelmaking (Chen and He, 2014; Zhang et al., 2013) . It is thus considered that wood char is a more suitable reductant in the proposed method than the coal used in this study.
The application of the FASTMELT ® process for the removal of phosphorus from oolitic high-phosphorus haematite was investigated experimentally using two reducing agents, wood char and coal.
In the direct reduction stage, under their respective optimized conditions, the ore-char and ore-coal briquettes reached metallization degrees of 82% and 78% and residual carbon contents of 0.24% and 2.35% by mass, respectively. Phosphorus remained in the gangue as apatite after reduction of both briquettes.
In the melting-separation stage, from the optimally reduced ore-char briquettes, molten iron with P content of 0.41% and Si content of 0.021% could be obtained; from the reduced ore-coal briquettes, molten iron with P content of 0.78% and Si content of 0.91% could be obtained.
The study indicated that carbonaceous materials with high CO 2 reactivity are preferred for the proposed method. Iron recovery and phosphorus removal from oolitic high-phosphorus haematite
